ABSTRACT: The AB-monomer, 3,4-diaminobenzoic acid dihydrochloride, was recrystallized from an aqueous hydrochloric acid solution and used to synthesize high-molecular-weight poly(2,5-benzimidazole) (ABPBI). ABPBI/carbon nanotube (CNT) composites were prepared via in situ polymerization of the AB-monomer in the presence of single-walled carbon nanotube (SWCNT) or multiwalled carbon nanotube (MWCNT) in a mildly acidic polyphosphoric acid. The ABPBI/SWCNT and ABPBI/MWCNT composites displayed good solubility in methanesulfonic acid and thus, uniform films could be cast. The morphology of these composite films was studied by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and atomic force microscopy. The results showed that both types of CNTs were uniformly dispersed into the ABPBI matrix. Tensile properties of the composite films were significantly improved when compared with ABPBI, and their toughness ($200 MPa) was close to the nature's toughest spider silk ($215 MPa). The electrical conductivities of ABPBI/SWCNT and ABPBI/MWCNT composite films were 9.10 Â 10 À5 and 2.53 Â 10 À1 S/cm, respectively, whereas that of ABPBI film was 4.81 Â 10 À6 S/cm. These values are $19 and 52,700
INTRODUCTION Polymer-matrix composites have been studied for 5 decades as a special class of high-performance, lightweight materials that continue to play important roles in the current and emerging technologies for application areas ranging from structural, electronic, electromagneticshielding, to smart materials. 1 Typically, they are prepared by dispersing rigid and strong fibers such as glass and carbon fibers in a polymer matrix, and their resulting properties (primarily because of the surface area and aspect ratio limitations associated with the reinforcement additive) are greatly dependent on the loading amount of a particular filler, which generally requires a significant quantity ($60 vol %). 1 On the other hand, nanoscale additives, such as nanoclays, 2 nanoparticles, 3 nanoplatelets, 4 and carbon nanotubes (CNTs), 5 can overcome such limitations, and when dispersed in a polymer matrix, they could dramatically change the properties of resultant composite at lower loadings. Among them, CNTs such as single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotube (MWCNTs) have attracted considerable attention because of expected excellent mechanical, thermal, and electrical properties attributed to their unique structures that are also amenable to a wide range of chemical modification. 6 They could be used as reinforcing additives and thus deliver their outstanding properties to the supporting matrices. 7 The resultant composites could be used in application areas, where affordable, lightweight, and multifunctional materials are required. To take advantage of their mechanical properties as predicted, several studies have been performed on CNTs and reported their reinforcement in various thermoplastics and thermoset matrices. 8 However, there are two major obstacles for polymer/CNT composites to achieve maximum level of enhanced composite properties. First, it is nontrivial to achieve the effective aspect ratio by homogeneous dispersion of CNT in polymer matrix. 9 This is followed by the necessity to (i) efficiently transfer the outstanding properties of CNT to the supporting matrix and (ii) form effective percolation network at low loading. Hitherto, many efforts have been devoted to
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17. LIMITATION OF ABSTRACT achieve homogeneous dispersion of CNTs in various matrix materials via physical methods aided by sonication, 10 chemical methods using strong and oxidizing acids, such as sulfuric acid and nitric acid, 11 or procedures combined with applying sonication.
12 However, applying sonication often results in structural damages such as sidewall opening, breaking, and tubes being turning into amorphous carbon. 13 Treatment in strong acids, specifically in nitric acid as a strong oxidizing agent, turns CNTs into CNT oxides, which lose not only electrical conductivity but also structural integrity.
14 Furthermore, even after achieving homogeneous dispersion, a strong interfacial adhesion between CNT and polymer matrix is required. 15 A simple melt or solution mixing of polymer with CNT may not be an efficient way for the homogeneous dispersion and effective wetting without chemically and/or physically chopping CNTs into shorter tubes. This results in reduced aspect ratio. 16 Hence, controlled covalent grafting of polymer onto the surface of CNT without or with minimal damage 17 and/or in situ polymerization of corresponding monomer in the presence of CNT are probably better routes for attaining strong interfacial interaction and thus strengthening the reinforcement effect. 18 We have developed one-pot purification and functionalization of carbon nanomaterials in a mild reaction medium comprising polyphosphoric acid (PPA) with additional phosphorous pentoxide (P 2 O 5 ). 19 This has been proven to be a nondestructive reaction medium that does not damage CNT framework. It is also strong enough to promote efficient Friedel-Crafts-type polycondensation. Commercial grade PPA, which contains 83 wt % phosphorous pentoxide, has been optimized and used as a superior polymerization medium for the synthesis of high-performance polybenzazoles (PBXs) such as rigid-rod polymers: polybenzobisthiazole (PBZT), polybenzobisoxazole (PBO), and polybenzobisimidazole (PBI), and rigid coil polymers: poly(2,5-or 2,6-benzooxazoles) (ABPBO) and poly(2,5-benzimidazole) (ABPBI).
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Although a few PBX/CNT composites derived from in situ polycondensation in PPA have been reported, 21 the one-pot purification of SWCNT and preparation of composites via in situ polymerization have not been reported. Furthermore, all previously reported approaches may incur structural damage of CNT framework by applying sonication and/or strong acid treatments. As a result, the electrical conductivity of PBX/ CNT composites has not yet been optimized. Herein, we report an in situ self-condensation of diprotonated AB-monomer, namely 3,4-diaminobenzoic acid dihydrochloride, for the synthesis of ABPBI in the presence of SWCNT or MWCNT in an optimized PPA. The composite films were then evaluated for their thermal and mechanical as well as electrical and proton-conducting properties.
RESULTS AND DISCUSSION
Among PBXs, PBIs are known for their outstanding thermal stability, mechanical and electrical properties, and chemical resistance. 22 They are currently used as thermal insulating materials and have potential applications as high-strength fibers, 23 gas separation, and fuel cell membranes. 24 Yet, in spite of extensive work in rigid-rod PBI, there are few reports on rigid-coil ABPBI. 25 Among the PBI family, ABPBI has the simplest structure and can be easily prepared from a single, inexpensive, and commercially available AB-monomer, that is, 3,4-diaminobenzoic acid (DABA), via polycondensation in PPA. Hence, it has recently attracted much attention as an emerging material for high-temperature fuel cell membrane to replace the expensive and electrochemically less stable Nafion family. 25 In Situ Polymerization The synthesis of poly(2,5-benzimidazole), which is also known as ABPBI, has been reported in early 1960s.
22(a), 26 However, the molecular weights of ABPBI, when it is prepared from as-received AB monomer, namely 3,4-diaminobenzoic acid available from several commercial sources with purity 95-97%, are relatively low with inherent viscosity (1.4-2.7 dL/g) in concentrated sulfuric acid at 30 C. 25, 27 It is also known that polymerization of rigorously purified 3,4-diaminobenzoic acid in either phosphoric acid/P 2 O 5 28 or methanesulfonic acid/P 2 O 5 29 mixtures has led to high-molecular-weight ABPBI. In this study, commercial 3,4-diaminobenzoic acid was recrystallized from an aqueous hydrochloric acid solution (water/concentrated hydrochloric acid, 90/ 10, v/v) to yield highly pure 3,4-diaminobenzoic acid dihydrochloride (purity > 99.99þ%, HPLC). In fully protonated form, it is expected that 3,4-diaminobenzoic acid would have longer shelf-life than in acid-free form. In addition, we surmise that hydrochloric acid, which can be in situ generated at room temperature during the slow dehydrochlorination of dihydrochloride monomer, could raise the acidity of the reaction medium that might improve both the dispersion and purification of CNTs by optimized PPA. Specifically, as-prepared SWCNT contains various impurities such as metallic particles, carbonaceous impurities, and amorphous carbons. The acidity of gaseous hydrochloric acid (pK a $ À8) is many orders of magnitude stronger than PPA (pK a of H 3 PO 4 or orthophosphoric acid $ 2) and thus, the population of protonated on the surface of CNT under such conditions should be higher, making the solvation of CNT in PPA more effective. 30 After dehydrochlorination is completed by stepwise heating from room temperature to 150 C in PPA, the reaction mixture is further heated to 175 C for 3 h to ensure complete imidazole ring closure, resulting in high-molecularweight ABPBI [ Fig. 1(a) ]. 31 For the concurrent dispersion and purification of CNT in PPA and the polymerization of the AB monomer in one-pot process to generate in situ ABPBI/CNT composites, the polycondensation of the 3,4-diaminobenzoic acid dihydrochloride was carried out in the presence (10 wt % based on the monomer feed) of SWCNT or MWCNT [ Fig. 1(b) ]. The initial color of all reaction mixtures was black because of the SWCNT or MWCNT dispersion. The color then became dark, shinny brown as polymerization progressed, which was taken as an indication for the homogeneous dispersion of CNTs. In both cases, the reaction mixtures were homogeneous with drastic increase in viscosity, when reaction temperature was approaching 150 C. However, the solution behaviors of final reaction mixtures were clearly different between ABPBI and ABPBI/CNT composites. The ABPBI mixture at 175 C was too viscoelastic to have efficient flow, and it was difficult to spin a fiber by simply pouring its hot polymerization dope into distilled water. On the other hand, both CNT-containing reaction mixtures at the similar temperature flowed quite well to yield long fibers upon similar workup. All isolated products were then Soxhlet extracted with water for 3 days to ensure the complete removal of residual PPA. They were further Soxhlet extracted with methanol for 3 days for the removal of other low molar mass impurities and then freeze dried. The intrinsic viscosity of resultant ABPBI was $5.23 dL/g [MSA, 30 6 0.1 C; see Fig. S1 (a) in Supporting Information], which is higher than literature values (1.4-2.7 dL/g in 96% sulfuric acid at 30 C). 25 The intrinsic viscosities of ABPBI/SWCNT and ABPBI/MWCNT composites were 6.61 and 5.31 dL/g (MSA, 30 6 0.1 C), respectively [see Fig. S1 (b,c) in Supporting Information], and these values are higher than that of ABPBI. It is important to point out that the dilute solutions, in terms of reduced and inherent viscosities, of both ABPBI/SWCNT and ABPBI/MWCNT composites have behaved very similar to that of ABPBI. This comparison not only implicates that the polycondensation of the AB-monomer was not affected by the presence of CNTs but also a strong polymer-CNT interaction (i.e., polymer wrapping) exists for these composites.
In all cases, final yields were higher than maximum calculated yields even after complete workup procedures. This discrepancy might be related to the hygroscopic nature of ABPBI. Likewise, the large discrepancy between theoretical and experimental CHN contents in elemental analysis (Table  1) should also be attributed to bounded water in ABPBI (see Fig. S2 and Table S1 in Supporting Information). ABPBI/ SWCNT composite showed relatively larger discrepancy of C content, and it was presumably due to the low carbon content of as-received SWCNT (see Table 1 ).
FTIR Study
The transmittance of CNT samples was very poor due to the fact that CNTs strongly absorb infrared light [ Fig. 2(a,b) ]. They did not show comparable peaks at the same degree of magnification, whereas ABPBI, SWCNT/ABPBI, and MWCNT/ ABPBI displayed a strong and broad m(OH) around 3500 cm À1 , which is attributed largely to the bounded water in hygroscopic ABPBI (see Fig. S2 in Supporting Information). There are characteristic C¼ ¼N and CAN stretching bands at 1628 and 1287 cm À1 , respectively, ( Fig. 2 ), which are assignable to the imidazole moiety of ABPBI polymer. The peaks from 3500 to 3300 cm À1 were attributed to the isolated NAH stretch of the imidazole ring, whereas the broad band near 3300-3150 cm À1 is due to intermolecular hydrogenbonded HÁÁÁNÁÁÁH structures, and it becomes broader in the presence of moisture. The only difference between ABPBI and ABPBI/CNT composites was the relative intensity of respective peaks. There were no discernable characteristic peaks among samples (Fig. 2) .
Raman spectra showed that the ratios of D/G band intensity (I D /I G ) of ABPBI/SWCNT and ABPBI/MWCNT were increased because of the ABPBI coating on the surface of CNT (see Fig.  S3 in Supporting Information).
Thermal Properties
The thermograms obtained from differential scanning calorimetry (DSC) characterization are not included in this article, because ABPBI has expectedly its transition temperature higher than its degradation temperature. 22(a) In all cases, the thermograms showed featureless traces, except for a broad endothermic peak around 150 C, which is caused by the release of polymer-bounded water from the sample.
To minimize effect from the contribution of bounded water, all samples were annealed in the chamber of thermogravimetric analyzer (TGA) at 300 C for 10 min before analysis. After cooled down to room temperature, the samples were C with the ramping rate of 10 C/min for experiments conducted in both air and nitrogen. The ABPBI, SWCNT, MWCNT, SWCNT/ABPBI, and MWCNT/ABPBI samples showed that the temperature at which 5% weight loss (T d5% ) in air occurred at 574, 371, 611, 607, and 578 C, in that order [ Fig. 3(a) and Table 1 ). Among these samples, SWCNT started to decompose at the lowest temperature, presumably because of the thermooxidative instability (combustion) of amorphous carbon. It should be noted that the char yield of as-received SWCNT at 800 C was 57%, whereas that of MWCNT was practically 0%. The high-residue yield of SWCNT at 800 C in air is most probably due to more combustion-resistant impurities, such as metallic catalyst particles and crystalline carbonaceous impurities [see Fig. S4 (a) in Supporting Information].
32 Surprisingly, ABPBI homopolymer displayed the highest thermooxidative stability among the samples in air (T d5% ¼ 611 C), which is 240 and 37 C higher than those of as-received SWCNT (T d5% ¼ 371 C) and MWCNT (T d5% ¼ 574 C), respectively. In contrast to the expectation, ABPBI turned out to be the component that had improved thermooxidative stability of the ABPBI/CNT composites. The comparison of char yields at 800 C in air could be considered as a qualitative assessment of SWCNT purity. Taking into account the loaded SWCNT amount (10 wt %), ABPBI/SWCNT was expected to display higher char yield (11.2%) at 800 C than those of ABPBI (42.3%) and ABPBI/MWCNT (26.6%). However, the amount of residues was the lowest among them, implying that the tenacious (and thermooxidatively stable) impurities present in asreceived SWCNT were almost all removed during the polymerization and workup stages [see Fig. S3 (b-d) in Supporting Information]. This rationalization implicated that a mildly acidic PPA medium with additional hydrochloric acid, which was in situ generated from AB monomer, might be an efficient way for the purification of as-received SWCNT.
19(b)
Under nitrogen atmosphere, as-received MWCNT apparently was the most stable with T d5% at 789 C and char yield at 800 C was 94.6 wt % [ Fig. 3(b) ]. Unlike under air atmosphere, as-received SWCNT displayed better thermal stability in nitrogen. It had T d5% at 623 C, and its char yield at 800 C was 71.0 wt %. The T d5% 's of ABPBI, ABPBI/SWCNT, and ABPBI/MWCNT at 800 C were similar at 656, 658, and 668 C, corresponding to char yield of 86, 88, and 88 wt %, respectively.
Scanning Electron Microscopy
A small portion of warm ABPBI dope at the end of polymerization was placed in a Petri dish, which was then placed on a leveled hot plate to form uniform film. After cooled to room temperature, the dish was immersed in distilled water to let PPA diffuse out from the dope into the water to result in a coagulated, porous ABPBI film. This film was further Soxhlet extracted with water and methanol. The SEM images of the resulting ABPBI film show that the surface texture consists of uniformly distributed fibrils [ Fig. 4(a) ], indicating that high-molecular-weight ABPBI has been indeed obtained. Similarly, the porous films of ABPBI/SWCNT and ABPBI/ MWCNT were also prepared, and their SEM images obtained from fracture surfaces are quite different from that of ABPBI. The ABPBI/SWCNT shows relatively round-shaped morphology [ Fig. 4(c)] , whereas ABPBI/MWCNT shows relatively sharp fibril structure [ Fig. 4(e) ]. In both cases, the degree of CNT dispersion cannot be judged, because CNTs are well blended in ABPBI matrix and the presence of CNTs cannot be clearly discerned with SEM images.
All SEM images obtained from the fracture surfaces of sample films cast from MSA solutions (see Experimental section) display similar morphology [ Fig. 4(b,d,f) ]. ABPBI shows dense fibril surface [ Fig. 4(b) ]. Because of the diameter dimension of individual SWCNT (<2 nm), the presence of SWCNT from the fracture surface is inconclusive by SEM at this magnification [ Fig. 4(d) ]. On the other hand, the fractured surface of ABPBI/MWCNT composite film shows that MWCNT is well dispersed in the ABPBI matrix [ Fig. 4(f) ]. Upon greater magnification, it is quite clear that the interface between ABPBI and MWCNT is not discernable [Fig. 4(f) , inset], indicating that ABPBI and MWCNT are well bounded to each other (see also TEM images in Fig. S4 and AFM images in Fig. S5 in Supporting Information).
WAXS Patterns
To assess the dispersion quality of CNTs in ABPBI matrix, wide-angle X-ray scattering (WAXS) patterns were obtained from powder samples without applied strain. In the case of ABPBI homopolymer, two characteristic peaks at 2y ¼ 11.0 and 25.91 with respective to d-spacings ¼ 8.03 and 3.46 Å were detected (Fig. 5 and Table 2 ). The characteristic peak centered at about 25.91 , which corresponds to a d spacing of 3.46 Å, is assignable to the stacking of ABPBI chains. 33 Detected side-by-side, the interplane distance was slightly increased from the literature value at 3.39-3.41 Å because the polymer chains in powder sample were less tightly packed [ Fig. 5(a) ]. Interestingly, the ABPBI homopolymer prepared for this study displayed an additional strong peak that appeared at 2y ¼ 11.00 (8.03 Å). It was an indication of more ordered structure, because the sample workup procedure was done thoroughly, and the residual reaction medium should have been completely removed (see Experimental section). On the basis of peak width and sharpness reported in the literature, 34 it appeared that a significant amount of residual phosphoric acid still remained in ABPBI, and it could play as an extraneous agent to disturb molecular orientation. ABPBI/SWCNT composite displayed similar WAXS pattern to that of ABPBI [ Fig. 5(b) Fig. 5(c) ]. The two peaks appeared from ABPBI homopolymer at 9.05 (9.77 Å) and 20.85 (4.26 Å) had merged into a single peak at 13.9 (6.36 Å).
UV-Absorption and Emission Spectra
The photograph shown in Figure 6 (a) is a visual demonstration as an additional support for our claim of the homogeneous dispersion of CNTs in ABPBI matrix. The ABPBI, ABPBI/ SWCNT, and ABPBI/MWCNT samples were completely soluble in MSA (no CNT agglomerates visually detectable in the composite samples). They emitted strong blue light when exposed to a UV light (365 nm) from a hand-held lamp at $1 foot away [ Fig. 6(a, i-iii) ]. The composite solutions were homogeneous and optically clear, whereas MWCNT and SWCNT solutions contained CNT agglomerates that were easily seen by a naked eye [ Fig. 6(a, iv,v) ]. To further substantiate the homogeneous dispersion of CNTs in the composite samples, UV-absorption curves were obtained from their basic solutions in N-methyl-2-pyrrolidinone (NMP). As ABPBI is only soluble in strong acids such as sulfuric acid, MSA, and trifluoromethanesulfonic acid, UV-absorption was measured by adding a drop of MSA into its NMP solution. The absorption spectrum of protonated ABPBI consists of a strong band at 415 nm with a shoulder at 382 nm [ Fig. 6(b) ]. ABPBI/ SWCNT and ABPBI/MWCNT composites display very similar spectra, indicating that the ground-state band structure of ABPBI in composites is almost identical as that of a free ABPBI.
The emission spectra of the ABPBI and its CNT composite solutions are given in Figure 6 (c). The maximum emission wavelength (k max ) of ABPBI was 518 nm. In the case of composites, the emission spectra with different intensities, which were dependent on the concentration of ABPBI, were almost identical to that of neat ABPBI, implying that the excitedstate properties of ABPBI in the presence of CNT are also more or less unaffected. Overall, these results may also be taken as a support for our belief that the dispersion of CNTs is uniform in ABPBI matrix.
Mechanical Properties
Cast films (see Fig. S6 in Supporting Information) were cast from MSA solution and cut into specimens with size 5 mm Â 70 mm and thickness 0.35-0.45 mm. Representative stress-strain curves of samples are presented in Figure 7 , and the data are summarized in Table 3 . The tensile strength, modulus, elongation, and toughness of ABPBI film were 25 MPa, 0.88 GPa, 490%, and 101.0 MPa, respectively. These values are very much different from the semirigid PBI prepared from AAþBB polymerization. 35 Specifically, elongation value was increased by almost one order of magnitude compared with the literature value. 35 The result could be due to the much higher molecular weight ([g] ¼ 5.23 dL/g) and polymer-bounded water in ABPBI. Although the former would mainly contribute to high strain-to-break value, but the influence of trapped moisture (plasticizing effect) could not be excluded. Tensile test results are generally quite subjective to the sample conditions, and therefore, the amount 
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of bound water in the hygroscopic ABPBI sample could be another significant factor for the tensile properties measured, as the bound water can act as a plasticizer making ABPBI softer. The amount of trapped moisture can be determined by TGA (see Fig. S2 and Table S1 in Supporting Information). Although the residual water could be removed at elevated temperatures with/without applying vacuum, it is known that atmospheric moisture could be easily absorbed by hygroscopic ABPBI during sample preparation. Hence, all films were cast and dried at the same conditions so that the test results could be reasonable for meaningful comparison. Relative to ABPBI film, the tensile strengths of ABPBI/ SWCNT and ABPBI/MWCNT composite films were significantly increased by as much as 60 and 84%, respectively. The tensile moduli of the composite films were also improved by as much as 61 and 74%, respectively. The elongation values of ABPBI/SWCNT and ABPBI/MWCNT were improved by 61 and 25%, respectively. Toughness was calculated from the area under the stress-strain curve. The ABPBI/SWCNT and ABPBI/MWCNT films had the average toughness of 210 and 200 MPa, respectively, which were increased by 108 and 98% when compared with that of ABPBI film (101 MPa). Although film and fiber properties could not be directly compared, the values are close to the nature's toughest spider silk ($215 MPa). 36 Thus, this notable improvement of tensile properties could be attributable to not only the higher molecular weight of ABPBI attained in this work but also the strong interactions between ABPBI and CNT (see SEM images in Fig. 4 and TEM images in Fig.  S4 in Supporting Information).
Electrical Conductivity of Films
The dc electrical conductivity of ABPBI homopolymer film was 4.81 Â 10 À6 S/cm, which was close to being an insulating material (Table 3 ). The ABPBI/SWCNT and ABPBI/ MWCNT composite films showed 9.10 Â 10 À5 and 2.53 Â 10 À1 S/cm, respectively. ABPBI/SWCNT composite film was expected to display the better electrical conductivity, as SWCNT has the higher aspect ratio. Surprisingly, it was several orders of magnitude lower than that of ABPBI/MWCNT, which was in the semiconducting region. The higher electrical conductivity of ABPBI/MWCNT could be because of following reasons: (1) SWCNT bundles might not be well exfoliated into individual tubes (see Fig. S4 in Supporting Information); (2) the purity of as-received SWCNT was only 30-40 wt %, and thus, the actual amount of SWCNT in the ABPBI/SWCNT composite would be much lower ($3-4 wt %) after in situ purification in PPA [see Fig. 3(a) ]; (3) another possibility is that the template polymerization of AB monomer onto the surface of SWCNT provided higher wrapping coverage, and thus insulating it because of the comparable SWCNT radius ($1 nm) and coil radius of ABPBI ($2.1-2.7 nm). (see Fig. S7 in Supporting Information). 
Proton Conductivity of Films
The proton conductivity was determined with two-point probe conductivity measurement at the relative humidity of 50% (Fig. 8) . For benchmarking, Nafion 115 was also evaluated under the same measuring conditions and found to display higher proton conductivity (maximum 2.95 Â 10
À2
S/cm at 70 C). However, the conductivity of Nafion 115 began to drop drastically when the temperature was raised near and above 70 C. On the other hand, ABPBI showed an initial value of 3.75 Â 10 À5 S/cm at 22 C, which gradually increased as the temperature was increased, up to 1.42 Â 10 À4 S/cm at 140 C before the conductivity decay started. Expectedly, the low proton conductivity of ABPBI when compared with Nafion 115 could be explained in terms of their acidity difference. The pK a values of Nafion 115 and ABPBI are about 6 37 and 12.75 (for benzimidazole, but for ABPBI, pK a value is expected to be lower because of conjugative effect in the polymer backbone), 38 respectively. Thus, their pK a difference is $18 orders of magnitude, but the difference in their maximum proton conductivities is only two orders of magnitude. It appears that in ABPBI, there is a nonlinear relationship between the acidity (at the molecular level) and proton conductivity (in the bulk state), and rather surprisingly at first, there is less temperature dependence in its proton conductivity as well. We suspect that the unique features of ABPBI, namely (i) large number of benzimidazoles per polymer chain, (ii) most of benzimidazole protons should be aligned along the ABPBI chain (see Fig. 1 ), and (iii) the extended conjugation in ABPBI chain that could induce high proton mobility via tautomerization across repeat units, may be the contributing factors. Further, as the dissociation of proton from benzimidazole is a function of temperature as opposed to the complete ionization of sulfonic group at room conditions (provided that enough water are present), it is reasonable to assume that the concentration of mobile protons in ABPBI would increase with an increase in the surrounding temperature. Still, the proton conductivity of ABPBI is too low to be used as fuel cell membrane. To improve its proton conductivity, phosphoric acid or other mineral acids are impregnated into ABPBI matrix, which results in not only the poor mechanical properties of ABPBI membrane but also acid migration to the surface of the membrane. 36 The maximum proton conductivity of ABPBI/SWCNT is 0.018 S/cm. The value is slightly higher than that (0.017 S/ cm) of ABPBI/MWCNT. However, the proton conductivities of ABPBI/CNT films without acid doping are improved by approximately two orders of magnitude over that of ABPBI film (see Table 3 ). We suspect that the relatively high proton conductivity of ABPBI/CNT composite films could be originated from the proton channels along the interface of ABPBI and CNT and/or inner channel of CNT. Although further study is necessary to prove this speculation, the ABPBI/ SWCNT composite film 39 could be a good candidate for proton-conducting membranes without the need for acid impregnation.
CONCLUSIONS
Multifunctional ABPBI/CNT composites were prepared via in situ polymerization of ''protonated'' AB monomer. CNTs did not affect the polymerization of AB monomer to yield high-molecular-weight ABPBI in a mildly acidic PPA medium at 175 C for 3 h. CNTs remained structurally intact during in situ polycondensation process and under subsequent workup conditions. It could be concluded that the reaction condition was indeed feasible for the purification (more so for SWCNT than MWCNT) and dispersion of CNTs as well as polymerization of the AB monomer in a one-pot process. The homogeneous dispersion of CNTs in ABPBI matrix was visually confirmed by SEM imaging experiments. As a result, considerable improvement of mechanical properties of ABPBI/CNT films over ABPBI film could be achieved. On the basis of SEM data, we interpret that the surfaces of SWCNT and MWCNT have been decorated well with ABPBI, and because the boundary between ABPBI and CNT phases could not be discernable, homogeneous CNT dispersion in the ABPBI matrix has been achieved. Thus, load transfer from ABPBI to CNT should be efficient to result in the enhanced mechanical properties of composite films, especially the toughness. Among these films, ABPBI/MWCNT displayed the best electrical conductivity. ABPBI/CNT composites also showed proton conductivities without acid impregnation. Thus, electrically conducting, proton conducting, thermally stable, and tough multifunctional materials were prepared. 
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Subject to further improvement, they are potentially useful for various applications for areas, where require affordable, lightweight, and high-performance materials.
EXPERIMENTAL
Materials
All reagents and solvents were purchased from Aldrich Chemical or Tokyo Chemical and used as received, unless otherwise specified. The AB monomer, 3,4-diaminobenzoic acid, was recrystallized from 10 vol % (conc. HCl/H 2 O, v/v) aqueous hydrochloric acid to give 3,4-diaminobenzoic acid dihydrochloride (HPLC purity > 99.99þ%, m.p. > 300 C dec.). Both single-walled carbon nanotube (SWCNT, 30-40 wt % purity) and multiwalled carbon nanotube (MWCNT, CVD MWCNT 95 with diameter of $20 nm and length of 10-50 lm) were obtained from Hanhwa Nanotech, Seoul, Korea.
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Instrumentation
The melting points (m.p.) were determined on a Mel-Temp melting point apparatus and are uncorrected. Intrinsic viscosities were determined using Cannon-Ubbelohde No. 200 viscometer. Flow times were recorded for MSA solution, and polymer concentrations were $0.5-0.1 g/dL at 30.0 6 0.1 C. Fourier transform infrared (FTIR) spectra were recorded on a Jasco FTIR 480 Plus spectrophotometer. Solid samples were imbedded in KBr disks. Elemental analyses were performed with a CE Instruments EA1110. Thermogravimetric analysis (TGA) was conducted in air and nitrogen atmospheres with a heating rate of 10 C/min using a PerkinElmer TGA7 thermogravimetric analyzer with TAC7 controller. UV-vis spectra were obtained from a Perkin-Elmer Lambda 35 UV-vis spectrometer. Fluorescence studies were conducted with a Perkin-Elmer LS 55 fluorescence spectrometer. Applied excitation wavelength was UV absorption maximum of each sample. WAXS patterns were recorded on Scintag DMS2000 diffractometer. The field emission scanning electron microscopy (FESEM) was done by using LEO 1530FE. The field emission transmission electron microscope (FETEM) was used a FEI Tecnai G2 F30 S-Twin. Proton conductivity was evaluated using a two-point probe method with a Solartron 1260 AC impedance analyzer with amplitude of 10 mV and a frequency range of 1-100,000 Hz at relative humidity of 50%. Each film sample was fixed in a Teflon conductivity test cell consisted of a working and a reference Pt electrodes. The sample conductivity was determined by using r ¼ (1/R)*(L/A), where R is the resistance, L is the sample thickness, and A is the cross-sectional area. Surface resistivity of films was measured with AIT CMT-SR1000N four-point probe. Average values were taken after 20 measurements from different locations. Tensile tests were carried out on a universal testing machine (Instron model-UTM, DY-TSM-10). The crosshead speed was 100% of gauge length per minute at 20 C and 50% humidity. Average values of five of seven tests were taken after the highest and lowest results were discarded. The images of atomic force microscope (AFM) were obtained from Veeco Multimode V. AFM samples were prepared by spin casting of polymer solution (a drop of MSA solution in 10 mL NMP) on silicon wafer. Energy minimized structures were performed by CS Chem 3D Std computational package (Version 8.0, Cambridge Soft Corp., Cambridge, MA).
Synthesis of Poly(2,5-benzimidazole)
Into a 250-mL resin flask equipped with a high torque mechanical stirrer, nitrogen inlet and outlet, 3,4-diaminobenzoic acid dihydrochloride (5 g, 22.2 mmol) and PPA (83% P 2 O 5 assay; 50 g) were placed and stirred under a dry nitrogen purge at room temperature for 24 h to prevent drastic foaming caused by the release of hydrochloric acid gas. The color of heterogeneous mixture was red in the beginning. After 6 h, the color of opaque lump was changed to brown. When gas foaming was suppressed, the mixture was heated to 60 C for additional 3 h to ensure complete dehydrochlorination. During this period, the mixture became transparent and light green colored. Then, the temperature was increased stepwise to 100 and 150 C for 6 and 24 h, respectively. To ensure ring closure, the mixture was further heated to 175 C for 3 h. Visually, an increase in the viscosity of reaction mixture was noted as the polymerization proceeded. At the end of polymerization, the mixture was cooled to room temperature and distilled water was added. Big chunks of polymeric product were isolated and subjected to Soxhlet extraction. The product was extracted with water for 3 days to completely remove acidic reaction medium and with methanol for 3 days to remove other low molar mass impurities, and finally freeze dried under reduced pressure (0. 8.6 Â 10 À7 S/cm.
In Situ Polymerization of 3,4-Diaminobenzoic Acid Hydrochloride with 10 wt % CNT Load In the same setup for ABPBI synthesis, 3,4-diaminobenzoic acid dihydrochloride (4.5 g), as-received SWCNT (0.5 g) or MWCNT (0.5 g), and PPA (50 g) were placed. The rest of reaction sequence and workup procedure were the same as the synthesis of ABPBI homopolymer. The initial color of all reaction mixtures was black because of the SWCNT or MWCNT dispersion. At the end of the polymerization, the color of the mixture was dark shinny brown, and the mixture was poured into distilled water to form a long single filament. The resulting fibrous bundles were worked up following the same procedure for ABPBI homopolymer. 
Film Casting
Films were cast from each composite sample (1.0 g) dissolved in methanesulfonic acid (MSA, 20 mL). The resultant homogeneous solutions were cast onto leveled glass plate in a custom-made film casting apparatus. MSA was slowly removed by heating the apparatus to 80 C under reduced pressure (0.5 mmHg). The resultant uniform films were removed from glass plate after immersion in distilled water. They were sandwiched between Teflon membranes to make them flat and then kept under distilled water for 4 days. The films were further Soxhlet extracted with water for 3 days and methanol for additional 3 days to ensure complete removal of residual MSA. FTIR spectra of the films showed that there was no trace of residual MSA. The films were cut into size for property evaluation.
